Arabidopsis has three gibberellin receptors, GIBBERELLIN INSENSITIVE DWARF1 A (GID1A), GID1B and GID1C. All GID1s are localized to the nucleus but have also been detected in the cytoplasm. Since other major gibberellin signaling components have been localized to the nucleus, the current model suggests that gibberellin perception and signaling is nuclear. In this work we investigated whether GID1A can perceive gibberellin and initiate a signaling cascade in the cytosol. We have generated transgenic plants expressing GID1A fused to green florescence protein (GFP) and either a nuclear export signal (NES) or a nuclear localization signal (NLS), in the background of the gid1a gid1c (gid1ac) double mutant. Analyses by confocal microscopy confirmed the localization of GFP-GID1A-NES only in the cytosol and of GFP-GID1A-NLS only in the nucleus. Surprisingly, both recombinant proteins were able to complement the gid1ac mutation and to restore growth and responsiveness to gibberellin. However, transgenic seeds and seedlings expressing GFP-GID1A-NLS were more sensitive to gibberellin than those expressing GFP-GID1A-NES. The results of this study suggest that GID1A can bind gibberellin in the cytosol to initiate gibberellin signaling and responses. It is possible that activated cytosolic GID1A interacts with DELLA proteins before they enter the nucleus and induces a conformational transition that leads to DELLA's deactivation or degradation in the nucleus.
Introduction
The phytohormone gibberellin regulates various aspects of plant growth and development, including seed germination, stem elongation, flower induction and fruit set (Yamaguchi 2008) . Gibberellin signal transduction has been studied intensively over the past two decades, and the major components of the pathway have been identified. Most, if not all, gibberellin responses are controlled by the nuclear DELLA proteins, which suppress gibberellin responses via interaction with, and regulation of several transcriptional regulators (Locascio et al. 2013) . DELLAs bind to PHYTOCHROME-INTERACTING FACTORs (PIFs), ALCATRAZ, MYC2, JASMONATE-ZIM-DOMAIN PROTEIN9 (JAZ9), SCARECROW-LIKE3 (SCL3), BRASSINAZOLE RESISTANT1 (BZR1) and INDETERMINATE DOMAIN (IDD) (de Lucas et al. 2008 , Feng et al. 2008 , Arnaud et al. 2010 , Gallego-Bartolomé et al. 2010 , Hou et al. 2010 , Zhang et al. 2011 , Gallego-Bartolomé et al. 2012 , Hong et al. 2012 , Yang et al. 2012 , Yoshida et al. 2014 . The interaction of DELLA with PIFs, for example, suppresses the binding of the latter to target promoters and thus inhibits their activity. In addition, although lacking a DNA-binding domain, DELLAs possess transactivation properties (Hirano et al. 2012 ) and can interact with transcription factors as co-regulators to regulate gene expression directly (Zentella et al. 2007 , Hirano et al. 2012 , Yoshida et al. 2014 . The Arabidopsis genome contains five DELLA genes with overlapping, as well as specific functions , King et al. 2001 , Lee et al. 2002 , Cheng et al. 2004 , Tyler et al. 2004 .
Gibberellin responses occur when gibberellin triggers the destruction of the DELLA proteins . Gibberellin binds to its receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), which in turn interacts with the DELLA proteins. It was suggested that the interaction with GID1 leads to a conformational transition in the DELLA proteins ). GID1-gibberellin-DELLA complex interacts with the F-box SLEEPY1 (SLY1)/GID2. This interaction leads to polyubiquitination of the DELLAs by SCF SLY1/GID2 and their degradation in the 26S proteosome, thereby removing the inhibition from the pathway and leading to activation of gibberellin responses (Harberd et al. 2009 , Hauvermale et al. 2012 . Gibberellin and GID1 can also reduce DELLA activity by a degradation-independent mechanism (Ariizumi et al. 2008 , Ariizumi et al. 2013 ).
The GID1 receptor shows similarity to hormone-sensitive lipase (Ueguchi-Tanaka et al. 2005) . Arabidopsis has three of these gibberellin receptors, GID1A, GID1B and GID1C, with overlapping functions (Griffiths et al. 2006 , Nakajima et al. 2006 .
Since the triple gid1a gid1b gid1c mutant is extremely dwarf and completely insensitive to gibberellin (Griffiths et al. 2006 , Iuchi et al. 2007 , Willige et al. 2007 , GID1 is probably the only gibberellin receptor. Mutant analyses revealed differences in the contribution of the different GID1s to gibberellin responses; while gid1b and gid1c single mutants and the gid1b gid1c double mutant exhibit normal development, gid1a, gid1a gid1c (gid1ac) and gid1a gid1b double mutants display clear developmental defects. This indicates that GID1A has the most significant contribution to gibberellin responses, possibly due to its high expression levels (Griffiths et al. 2006) .
The soluble GID1 proteins are localized mainly to the nucleus but have also been detected in the cytoplasm (UeguchiTanaka et al. 2005 , Willige et al. 2007 ). Since all other major gibberellin signaling components (i.e. DELLA and SLY1) have been localized to the nucleus (Silverstone et al. 2001 ), the current model suggests that the entire signaling pathway, i.e. from gibberellin perception by GID1 to DELLA degradation and gene activation, occurs in the nucleus , Harberd et al. 2009 ). On the other hand, several studies provided evidence for cytosolic gibberellin signaling events, such as the involvement of membrane-localized heterotrimeric G proteins and cytosolic calcium , Ullah et al. 2002 . In addition, we have shown that the gibberellin response inhibitor SPINDLY (SPY) acts in the cytosol (Maymon et al. 2009 ). These findings, together with the nucleocytoplasmic localization of GID1, motivated us to investigate whether GID1 can perceive gibberellin and initiate the signaling cascade in the cytosol.
Results
Expressing cytosolic and nuclear GID1A in the gid1ac double mutant Previous studies have shown the nucleocytoplasmic localization of GID1 (Ueguchi-Tanaka et al. 2005 , Willige et al. 2007 ). To confirm these observations, we fused the GID1A coding region to the C-terminus of the green fluorescent protein (GFP) reporter to generate GFP-GID1A. We expressed the construct under control of the strong 35S promoter (GID1-OE) to allow visualization of the GFP signal in the transgenic tissues. The construct was transformed into the dwarf Arabidopsis gid1ac double mutant. The transgene fully complemented the mutation and the transgenic plants exhibited normal growth (Fig. 1A) . The transgenic GID1-OE plants were then analyzed by confocal laser scanning microscopy (CLSM) to determine the intracellular localization of the fused proteins. Analyses of root cells revealed that GID1A, as expected, accumulates in the nucleus and cytosol (Fig. 1B) .
We next fused a nuclear export signal (NES) or nuclear localization signal (NLS) to the C-terminal end of GFP-GID1A to generate GFP-GID1A-NES and GFP-GID1A-NLS, respectively ( Fig. 2A) . The NES peptide prevents accumulation of the protein in the nucleus, whereas NLS directs it to the nucleus (Matsushita et al. 2003) . We expressed the constructs (GFP-GID1A-NLS and GFP-GID1A-NES) under the regulation of the 35S promoter to allow visualization of the GFP signal in the transgenic tissues. The constructs were transformed to gid1ac. We obtained few transgenic lines, and two lines for each construct were first analyzed for the expression of the transgenes ( Supplementary Fig. S1A ). We then analyzed these lines by CLSM to determine the intracellular localization of the fused proteins. Analysis of petal tissues revealed that GFP-GID1A-NES accumulated only in the cytosol and GFP-GID1A-NLS only in the nucleus ( Fig. 2B; Supplementary Fig. S1B ).
To examine further the localization of the recombinant proteins, we isolated protoplasts from the mesophyll tissue of GFP-GID1A-NES#4 (GID1-NES#4) and GFP-GID1A-NLS#1 (GID1-NLS#1) leaves and analyzed them by CLSM. This analysis confirmed the cytosolic localization of GFP-GID1A-NES and the nuclear localization of GFP-GID1A-NLS ( Fig. 2C ; Supplementary Fig. S2 ). Western blot analysis was performed on protein extracted from GID1-NES#4 and GID1-NLS#1 plants using anti-GFP. A single band of approximately 70 kDa was detected in GID1-NES#4 and in GID1-NLS#1, suggesting that the proteins were intact (Fig. 3) . The different sizes of the proteins on the blot resulted from the different size of the NES (2.4 kDa) and NLS (5.3 kDa).
Cytosolic GID1A restores growth in gid1ac
All of the transgenic plants were self-pollinated, homozygous lines were generated and their phenotypes were analyzed. As expected, GFP-GID1A-NLS, similarly to GID1-OE, rescued the gid1ac phenotype but, to our surprise, GID1-NES plants also exhibited normal growth ( Fig. 4A, B; Supplementary Fig. S1C,  D) . The different transgenic lines did not display any clear differences in growth rate, shape, leaf color or inflorescence stem length. Since gibberellin is required for Arabidopsis seed germination (Koornneef and van der Veen 1980, Lee et al. 2002) , we tested the germination of the different lines on the gibberellin biosynthesis inhibitor, paclobutrazol (1 mM). The gid1ac seeds exhibited a very low percentage of germination on Murashige and Skoog (MS) medium (<10%) and germination was completely inhibited by paclobutrazol. The germination of all transgenic lines was similar to that of the wild type (WT) on MS medium (approximately 90%) and paclobutrazol (approximately 60%) ( Supplementary Fig. S1E ). We found, however, a clear difference between the phenotypes of transgenic lines and the WT: petioles of rosette leaves in GID1-OE, GID1-NLS and GID1-NES seedlings were significantly longer than those of WT Col seedlings (Fig. 5A, B) . Petiole elongation is a known gibberellin response, described previously in Arabidopsis seedlings (Djakovic-Petrovic et al. 2007 ). This 'transgenic' phenotype is probably due to overexpression of GID1A, as reported previously by Willige et al. (2007) .
Sensitivity of the transgenic plants to gibberellin
To examine the sensitivity of the different lines to gibberellin, we tested their germination in response to gibberellin following treatment with paclobutrazol. For this experiment, we selected one line for each construct, GID1-NLS#1 and GID1-NES#4, as they exhibited high and similar expression levels of the transgenes. WT, gid1ac and transgenic gid1ac seeds (GID1-OE, GID1-NLS and GID1-NES) were first immersed for 24 h in paclobutrazol and then placed in Petri dishes on MS medium containing different GA 3 concentrations; gid1ac mutant seeds exhibited the lowest percentage of germination and the weakest response to gibberellin (Fig. 5C) . On the other hand, all transgenic gid1ac seeds exhibited a higher response to gibberellin than WT seeds, which is consistent with the overexpression effect observed in seedlings (Fig. 5A, B) . Among the transgenic lines, GID1-NLS#1, GID1-OE and GID1-NES#4 showed the highest to lowest sensitivity to gibberellin. The higher sensitivity of GID1-NLS#1 seeds cannot be explained simply by higher levels of the recombinant receptor, as the levels of GFP-GID1A-NLS transcript and protein ( Fig. 3;  Supplementary Fig. S1 ) were slightly lower than those of GFP-GID1A-NES in the analyzed lines.
We further tested the growth response of the transgenic seedlings to gibberellin. Seedlings (WT, gid1ac, GID1-OE, GID1-NLS#1 and GID1-NES#4) were germinated in Petri dishes on MS medium containing paclobutrazol. One week after germination half of the seedlings were treated with GA 3 and the effect of the hormone was evaluated 2 d later. The dwarfing effect of paclobutrazol on WT and gid1ac seedlings was stronger than that found in all transgenic lines (Fig. 5D) . Gibberellin treatment partially restored seedling growth (cotyledon leaf expansion and petiole elongation) in all lines except gid1ac, but the effect on GID1-NLS and GID1-OE was stronger than that found in GID1-NES, again suggesting higher sensitivity of GID1-NLS to GA.
Discussion
GID1 is a nucleocytoplasmic protein, but the current model suggests that it acts only in the nucleus where it binds gibberellin and interacts with DELLAs to induce their degradation , Harberd et al. 2009 ). Using chimeric GFP-GID1A fused to a NES signal, we show that cytosolic GID1A can complement the gid1ac mutations. The results suggest that GID1A can perceive gibberellin in the cytosol to initiate gibberellin signaling and responses.
It is unlikely that the rescue of the mutant phenotype by GFP-GID1A-NES resulted from a small, undetectable portion of active GFP-GID1A-NES that entered the nucleus, since it had an overexpression effect on germination and seedling development. To generate an overexpression effect in the nucleus, the level of nuclear GFP-GID1A should be sufficiently high, and therefore detectable. We were not able to detect GFP signal in the nucleus of the GID1-NES cells. It is also unlikely that GFP detached from GID1A-NES and then the latter entered the nucleus, since we did not detect free GFP in the Western analysis of GID1-NES plants. Finally, it is unlikely that GFP-GID1A (without NES) was produced due to premature termination in GID1-NES plants, since only cytosolic GFP signal was found and only one protein band was detected on the blot.
Results from a number of studies with several species support the existence of a cytosolic DELLA-independent gibberellin signaling pathway. Our previous study in Arabidopsis suggests the existence of a cytosolic, SPY-dependent, DELLA-independent gibberellin response pathway (Maymon et al. 2009 ). Moreover, one of the fastest known gibberellin responses is an increase in the concentration of cytosolic calcium, which is detectable 2 min after the gibberellin treatment (Kuo et al. 1996) . DELLA proteins may not mediate this response because a gibberellin-induced decrease in DELLA is detected only 5-10 min after gibberellin treatment (Gubler et al. 2002) . While these observations are consistent with a cytosolic DELLAindependent pathway, it is equally possible that the calcium changes are controlled by GID1 inhibiting DELLA activity without triggering degradation of the DELLA protein (Ariizumi et al. 2008) . Since GFP-GID1A-NES fully complemented the gid1ac mutation, the signal initiated by cytosolic GID1A must be mediated by DELLA. Thus, it is possible that activated cytosolic GID1A interacts with DELLAs before they enter the nucleus and induces DELLA's conformational transition , which may lead to DELLA deactivation (Ariizumi et al. 2008 , Ariizumi et al. 2013 . Since the level of cytosolic GID1A in the transgenic GID1-NES plants is high due to overexpression, this cytosolic inactivation can significantly reduce the activity of DELLA. Ariizumi et al. (2008) showed that GID1 overexpression in the sly1 background can restore gibberellin responses by DELLA deactivation. Alternatively, following interaction with GID1A in the cytosol and conformational transition, DELLA may enter the nucleus and interact with SLY1 (SCF SLY1/GID2 ) for polyubiquitination and degradation. This latter hypothetical scenario differs from that in which SLY interacts only with stable GID1-GA-DELLA complex (Hirano et al. 2010) .
Although the different transgenic lines exhibited a similar growth phenotype, they showed differential sensitivity to gibberellin. The most gibberellin-sensitive transgenic line in our assay was GID1-NLS, then GID1-OE and the least sensitive was GID1-NES. This cannot be explained by the level of the recombinant protein, since the level of GFP-GID1A-NES was higher than that of GFP-GID1A-NLS in the analyzed lines. Thus, the results suggest that gibberellin perception and signal initiation by GID1A is most efficient when GID1A is localized in the nucleus. Several possible explanations can be given: (i) the accumulation of GID1A and DELLA at the same site (nucleus) may increase the probability of their interactions; (ii) if cytosolic GID1A induced DELLA deactivation, it is possible that DELLA destruction in the nucleus via the interaction with nuclear GID1A is more effective in the initiation of gibberellin activity; or (iii) if cytosolic GID1A induced DELLA degradation in the nucleus, it is possible that the affinity of the nuclear GID1A-GA-DELLA complex for SLY is higher than that of DELLA alone.
While this study provides evidence for the activity of cytosolic GID1A in gibberellin perception and signal initiation, the contribution of the naturally occurring cytosolic GID1A to the gibberellin response and the mechanism of action are not yet clear. At this stage we cannot exclude the possibility that cytosolic GID1A activates a DELLA-independent gibberellin response pathway. However, it is more likely that the naturally occurring cytosolic GID1A interacts with DELLA and this leads to DELLA's deactivation and/or nuclear degradation and contributes to the overall gibberellin activity.
Materials and Methods

Plant material and growth conditions
The Arabidopsis thaliana gid1ac double mutant plants used in this study are in the Columbia (Col-0) background. Seeds were sterilized, cold-treated, and germinated on plates containing sterile MS medium (Duchefa Biochemie), 0.8% (w/v) agar and 1.5% (w/v) sucrose with or without 1 mM paclobutrazol (Duchefa Biochemie). For gibberellin sensitivity assay we used MS with or without 1 mM paclobutrazol and different GA 3 (Sigma-Aldrich) concentrations. Plants were grown in a growth room under controlled temperature (22 C) and long (16 h light/8 h dark) or short (8 h light/16 h dark) photoperiods.
Molecular cloning/constructs
The GID1A coding sequence was amplified from A. thaliana cDNA using GID1A reverse and forward cloning primers (Supplementary Table S1 ) and fused to the EGFP coding sequence at the 5 0 end in a KpnI site. The GFP-GID1A fusion was inserted into the pART7 plasmid (Maymon et al. 2009 ) downstream of the 35S promoter, in XhoI and BamHI sites to create 35S:GFP-GID1A. Sequences of NES (Matsushita et al. 2003) or NLS (Crawford and Zambryski 2000) were inserted behind GID1A in BamHI sites (see primers for NES and NLS in Supplementary Table S1 ). All constructs were subcloned into a pMLBART binary vector (Maymon et al. 2009 ) and were introduced into Agrobacterium tumefaciens strain GV3101 by electroporation.
Quantitiative RT-PCR (qRT-PCR) analyses
qRT-PCR analysis was performed using the Absolute Blue qPCR SYBR Green ROX Mix (AB-4162/B) kit (Thermo Fisher Scientific). Reactions were performed using a Rotor-Gene 6000 cycler (Corbett Research). A standard curve was obtained for the GID1A gene using dilutions of a plasmid containing the GID1A coding sequence. GID1A expression levels were quantified using Corbett Research Rotor-Gene software. At least three independent technical repeats were performed for each cDNA sample. Relative expression of each sample was calculated by dividing the expression level of the analyzed gene by that of TUBULIN3 (At5G62700; Steiner et al. 2012) . Gene to tubulin ratios were then averaged. (see primers for GID1A and TUBULIN3 qRT-PCR analyses in Supplementary Table S2) Immunoblot analysis
Total protein extracts were obtained by grinding 100 mg of leaf tissue in 300 ml of protein extraction buffer [0.5 M Tris-HCl, pH 6.8, 5 M urea, 8% (w/ v) SDS and 20% b-mercaptoethanol]. Samples were centrifuged at 13,000Âg for 10 min, and the supernatant was used to detect the GFP-fused proteins. Samples were separated on a 10% polyacrylamide gel in Tris-glycine buffer, and electroblotted onto a nitrocellulose membrane. Blots were reacted with a commercially available antibody generated against GFP (Roche) diluted 1 : 5,000, and an anti-mouse horseradish peroxidase (HRP)-conugated secondary antibody, diluted 1 : 10,000. All blots were developed using the EZ-ECL Chemiluminescence Detection Kit for HRP (Biological Industries).
Plant transformation
WT Col-0 and the gid1ac double mutant (Griffiths et al. 2006) were used for transformation. Transgenic plants were generated by the floral-dip method (Clough and Bent 1998) and BASTA-resistant transformants were selected. The presence of the chimeric gene was confirmed by PCR using the forward primer from the 35S promoter 5 0 -CTATCCTTCGCAACCCTTCC-3 0 and the reverse primer from GID1A 5 0 -ACATTCCGCGTTTACAAAC-3 0 . WT, gid1ac and gid1ac transgenic seeds (GID1-OE, GID1-NLS#1 and GID1-NES#4, all at the same age) were immersed for 24 h in paclobutrazol (20 mM) and then placed in Petri dishes on MS medium containing different GA 3 concentrations. Seeds were held at 4 C in the dark for 2 d and then transferred to a growth room (25 C) in the light. Seed germination was considered to have occurred when the radicle pierced the seed coat. Values are the average of three biological replicates (three plates each containing 50 seeds) ± SE. (D) WT, gid1ac and gid1ac transgenic seeds (GID1-OE, GID1-NLS#1 and GID1-NES#4) were germinated in Petri dishes on MS medium containing 1 mM paclobutrazol (pac). One week after germination, half of the seedlings were treated with 10 mM GA 3 for 1 h and seedlings were photographed 2 d later. Scale bars = 3 mm.
Microscopy
GFP was visualized in petals, leaf protoplasts or roots of 7-day-old plants that had been grown in Petri dishes on MS medium. The pattern of GFP expression was detected by an Axiovert 100 m confocal laser scanning microscope (Zeiss) using a blue argon laser for excitation light (488 nm) or by a fully motorized epifluorescence inverted microscope (Olympus-IX8 Cell-R) and 12-bit CCD camera: Orca-AG (Hamamatsu). Root cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich).
Protoplast preparation
Leaf mesophyll protoplasts were isolated from Arabidopsis plants grown under short-day conditions as described previously (Yoo et al. 2007 ).
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